Fe 3 O 4 and Mo and were added to hot-press sintered Si 3 N 4 ceramics to improve their lipophilic and mechanical properties. The bending strength, relative density, hardness and fracture toughness of Si 3 N 4 ceramics with added Fe 3 O 4 and Mo were improved by hot-press sintering compared with samples prepared with the pressureless process. In particular, the bending strength and relative density were improved by about 200 and 104%, respectively. Both the macro-and micro-lipophilicity of Fe 3 O 4 -and Mo-added ceramics were improved when prepared with the hot-press process, compared with those prepared with the pressureless process. This can be attributed to the addition of Fe 3 O 4 , and the formation of MoO 3 and Si 2 N 2 O during hot-press sintering. The lower friction coefficient and high wear resistance of Fe 3 O 4 -and Mo-added ceramics have been achieved by applying the hot press process. The high wear resistance is considered to be due to the improvement of hardness and fracture toughness, which decreased the loss of particles during the wear test.
Introduction
Recently, silicon nitride (Si 3 N 4 ) ceramics with iron oxide (Fe 3 O 4 ) and molybdenum (Mo) additives have attracted much attention because of their possible application as sliding parts with high mechanical strength, self-lubricity and lipophilicity. 1) It has been reported that the high lipophilicity came from the lipophilic Fe 3 O 4 component and the high selflubricity came from the layer-structured MoO 3 that is formed during sintering. 1, 2) On the other hand, the authors found that the bending strength, hardness and density of such ceramics prepared by pressureless sintering decreased with the addition of Fe 3 O 4 and Mo, which was explained by a decrease in density and the existence of micro cracks in the ceramics. 2) Many reports have indicated that the hot-press sintering process can generally increase the density and strength of ceramics. 3, 4) However, its effect on silicon nitride with significant quantities of added Fe 3 O 4 and Mo has not been reported. In the present study, the hot-press sintering process was applied to ceramic specimens prepared with added Fe 3 O 4 and Mo, and their mechanical properties, including bending strength, hardness, fracture toughness, friction coefficient, wear volume and their lipophilicity to macroand micro-droplets of lubricating oil were investigated. 
Experimental Procedures

ks).
The subscript HP indicates the hot-press process (example: SN HP ). All specimens were ground (apparatus: Okamoto Co., Ltd., PFG-450DX) and polished with emery paper (#1000). Furthermore, FM and FM HP specimens were heat treated, with the aim of forming the solid lubricating phase of MoO 3 .
2) Finally, all specimens were ultrasonically cleaned in acetone and dried with a warm airflow prior to use.
The bending strength, relative density, Vickers hardness, fracture toughness, and friction coefficient of the ceramics was investigated, as well as the contact angle of lubricating oil droplets. Details have appeared in our earlier reports. 2, 5) In the present work, millimeter-scale droplets of lubricating oil were considered to be macro-droplets, while nano-size droplets were designated micro-droplets.
Composition analysis
The surface composition was analyzed with an electron probe micro analyzer (JOEL Co., JXA-8900R: EPMA), an Xray photoelectron spectroscope (XPS: Shimadzu Co., AXIS ULTRA) and an X-ray diffraction analyzer (XRD: Mac Science Co. Ltd., M21X). The analysis conditions for EPMA and XPS were the same as reported previously.
2) The target used in XRD analysis was Cu-K, the voltage and current were 15 kV and 10 mA. and Mo were added or not, were improved by the hot-press process as compared with the pressureless process. In particular, the bending strength of hot-press sintered ceramics was significantly increased to about double that of pressureless sintered ceramics, and the relative density was increased to about 104% of samples prepared by the pressureless process.
Results
Mechanical and macro-lipophilic properties
Micro-lipophilic property
According to earlier reports, the micro-wetting contact angle varies with the size of micro-droplets. 2, 5) Although the macro-contact angle of oil on the FM specimen was lower with that on the SN specimen, the contact angles of microdroplets on both specimens were almost the same.
2) The reason was considered to be the large variation in size of the micro-droplets of oil (radius: 50-300 nm). 2, 5) In the present study, micro-droplets of radius 80-100 nm were selected from among many others to evaluate the micro-lipophilicity of each surface. Figure 1 shows the contact angles of micro-droplets of lubricating oil, which were obtained by observation with the ac non-contact mode of an atomic force microscope (AFM). It is clear that the contact angles of micro-droplets of oil on the FM specimen decreased with increasing amounts of added Fe 3 O 4 . In addition, the contact angles on hot-press sintered SN HP specimens were improved compared with those on the pressureless prepared SN specimen. Furthermore, the micro-lipophilicity of the FM HP specimen was significantly improved, compared with that of the FM specimen. In addition, the contact angle of micro-droplets of oil was somewhat lower than that of macro-droplets.
Discussion
Microstructure obtained by hot-press sintering
The microstructures of each specimen were observed in order to clarify the mechanism of the improvement of mechanical properties (especially strength), the decrease of the contact angle of oil and the reduction of the coefficient of friction by hot-press sintering. Figure 2 shows the typical microstructure of FM and FM HP specimens as observed by scanning electron microscopy (SEM). Table 2 shows the porosity and the average diameter of pores. The diameter of a pore was measured both in the horizontal and vertical directions. It is clear that both the porosity and the average diameter of pores in FM HP specimens were smaller that those in FM specimens. The authors have reported that the strength of Si 3 N 4 ceramics decreased with the addition of Fe 3 O 4 and Mo.
2) According to Fig. 2 , since the increase of porosity increases the number of places where [high] stress intensity originates, part of the improvement of strength and hardness of hot-press specimens ( Table 1) can be attributed to the decrease of fracture origination spots, i.e., the decrease in number and size of pores. In addition, columnar grains appeared in the hot-press sintered specimen [ Fig. 2(b) ]. Figure 3 shows the diameters and aspect ratios of such rods. The diameter D is obtained from the short edge of the rod, and the aspect ratio is the ratio of the lengths of the long and short edges. Since the aspect ratio became larger after hotpress sintering, the improvement of fracture toughness of HP sintered specimens (Table 1 ) was considered to be related to the formation of rods with larger aspect ratio. 3, 4, 6) The improvement of hardness should be attributed to the decrease in porosity. 7) Figure 4 shows the wear volume of FM and FM HP specimens after the wear test. The wear volume of the FM specimen decreased with increasing Mo, which is attributed to the production of solid lubricant MoO 3 in the specimen.
2)
The MoO 3 decreases the friction coefficient during the wear test (Table 1 ). The wear volume of the FM HP specimen also decreased, compared not only with the SN specimen but also the FM a , FM 2b , FM 2c and SN HP specimens. This means that both the addition of components and the hot-press sintering process can increase the wear resistance of Si 3 N 4 ceramics. Figure 5 shows a typical wear trace for FM a and FM HP specimens after a wear test. When wear occurs from contact between Si 3 N 4 and alumina ceramics, particles from the soft Si 3 N 4 ceramics are usually broken out to form holes in the material. 8, 9) According to Fig. 5 , the number of large holes along wear traces in FM HP material is less than that in FM a material. Such holes in FM HP are smaller than those in FM ( Fig. 2 and Table 2 ). These holes must be produced by the loss of particles during the wear test. In general, brittle ceramic materials with high hardness and fracture toughness resist wear. The relationship among these variables can be expressed as follows. 
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Here, W is the wear volume, is a constant, E is the Young's modulus, Kc is the fracture toughness, Hv is the Vickers hardness, P is the load, x is the wear distance. Thus, the improvement in wear resistance of the FM HP specimen can be attributed to the difficulty of losing particles due to improved fracture toughness and decreased friction coefficient.
Composition analysis
In a previous paper, 2) the authors reported that the lipophilicity of ceramics with respect to millimeter-scale oil droplets was influenced not only by the addition of Mo and Fe 3 O 4 but also the residence of oil droplets in pores. 10) In the present study, whether or not the micro-lipophilicity of each ceramic could be influenced by the residence of microoil droplets has been addressed by making AFM observations, as follows. After a pre-selected surface area (3 mm Â 3 mm) of a specimen was observed in the ac non-contact mode [ Fig. 6(a) ], a larger oil droplet was attached to the tip of the cantilever of the AFM from elsewhere. Then, several ac non-contact mode scans were carried out in the same area (scanning speed: 400 nm/s) to disperse micro droplets of oil. The morphology of micro oil droplets and the specimen surface is shown in Fig. 6(b) . As indicated by the arrow and the profile of the pore before and after oil droplet adhesion, it is clear that the micro-droplets can also reside in pores. Of course, larger numbers of micro-oil droplets stayed near the pores. Hence, the micro-lipophilicity is influenced mostly by the surface composition rather than the geometric shape of the surface. same. This indicates that the oxygen concentration in the sintered ceramics can be influenced by hot-press sintering. This shows that the addition of Fe 3 O 4 and Mo to Si 3 N 4 ceramics and hot-press sintering improve their lipophilic and mechanical properties (especially strength). However, the reinforcement of grain boundaries and smaller particle sizes are necessary for further improvement of strength. Clearly, the mechanism of formation of Si 2 N 2 O in Si 3 N 4 ceramics during hot-press sintering should receive further study.
Conclusions
The addition of Fe 3 O 4 and Mo and the hot-press sintering process were used to prepare Si 3 N 4 ceramics to improve their lipophilic and mechanical properties, with the following results:
(1) The bending strength, relative density, hardness and fracture toughness of Si 3 N 4 ceramics with added Fe 3 O 4 and Mo were improved by using the hot-press sintering process rather than the pressureless process. In particular, the bending strength and relative density were improved by about 200 and 104%, respectively. (2) Both the macro-and micro-lipophilicity of Fe 3 O 4 -and Mo-added ceramics were improved by using the hotpress process rather than the pressureless process. This can be attributed to the addition of Fe 3 O 4 , and the formation of MoO 3 and Si 2 N 2 O during hot-press sintering. (3) Lower coefficient of friction and higher wear resistance of Fe 3 O 4 -and Mo-added ceramics have been achieved with the hot-press process, compared with ceramics of similar composition prepared by the pressureless process. The high wear resistance was considered to be due to the improvement of hardness and fracture toughness, which decreased the loss of particles during the wear test. 
